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START 1300

1310 VERTICALLY POSITION A FIRST SUB-GROUP OF THE
PLURALITY OF WARP HEADS IN A FIRST VERTICAL POSITION

AND A SECOND SUB-GROUP OF THE PLURALITY OF WARP
HEADS IN A SECOND VERTICAL POSITION

INSERT ONE OR MORE WEFT FILAMENTS INTO A WARP

1320

SECURE THE ONE OR MORE WEFT FILAMENTS BETWEEN TWO
1330 OR MORE WARP FILAMENTS BY VERTICALLY REPOSITIONING
THE FIRST SUB-GROUP OF THE PLURALITY OF WARP HEADS IN
A THIRD VERTICAL POSITION AND THE SECOND SUB-GROUP
OF THE PLURALITY OF WARP HEADS IN A FOURTH VERTICAL
POSITION

1340

CONSOLIDATE THE COMPOSITE WEAVE

FIG. 13
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SYSTEMS AND METHODS FOR
CONTINUOUS FABRICATION OF WOVEN
COMPOSITE MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS AND PRIORITY CLAIM

This application claims priority to U.S. Provisional Patent
Application No. 62/336,974 filed May 16, 2016, entitled
“Continuous Composite Formation,” which 1s incorporated
herein by reference as 1f set forth herein in 1ts entirety.

FIELD

The disclosure relates to the field of woven composite
materials. More specifically, the disclosure relates to the
continuous manufacturing of woven composites with con-
trollable internal fabric geometry.

BACKGROUND

A composite 1s a heterogeneous structure that consists of
a combination of two or more different materials with
significantly different properties. High-performance com-
posites are widely used in the aerospace, automotive,
defense, and biomedical industries, where high specific
strength and modulus allow for the creation of strong,
tuel-eflicient vehicles and devices. However, current high-
performance composites suller from several deficiencies
inherent to their manufacturing approach.

The two major types of composite materials are laminates
and three dimensional (*3D”) preforms. In the case of
laminates, yarns are woven 1nto fabrics, the fabrics are often
preimpregnated with a matrix resin and then applied to a
mold 1n a layerwise fashion. Layup 1s commonly done by
hand, which makes laminates expensive and increases the
likelithood of error. The layerwise nature of laminates also
results 1n out-of-plane (1.e., between layers) properties that
are as low as 10% of the m-plane properties, poor delami-
nation resistance, and in-plane properties that are limited by
the structure of the base fabric.

3D composite preforms have attempted to solve some of
these 1ssues, but they are they are constrained by the relative
difficulty in making and working with a preform. These
include dificulty attaiming proper fiber alignment, limited
composite forming techniques, and the risk of introducing
crimp to the fabric as the preform 1s consolidated during the
composite forming process. 3D preforms are three dimen-
sional fabric structures formed by weaving yarns on a
complex, computer controlled loom. This fabric structure 1s
placed into a mold and infused with matrix resin. While this
process has improved out-of-plane properties compared to
laminates, the resin infusion process can result 1n the 1ntro-
duction of defects in the form of air bubbles, (e.g., voids)
and kinked fibers.

Composites may be formed using additive manufacturing.
However additive manufacturing i1s not able to form lami-
nates or woven preforms and they are inherently weaker
than conventionally formed composites. Current additive
manufacturing methods use chopped fibers or continuous
fibers. However, chopped fibers have reduced strength and
toughness and due to the way continuous fibers are laid
down there 1s no mechanical interlacing between fibers,
which results 1n delamination failure or in-layer crack propa-
gation. Further, known methods of forming composites
using additive manufacturing are isuthcient for quickly
generating bulk quantities of composites.
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Accordingly, there 1s a need for systems and methods to
continuously form woven composite material with control-

lable 1internal geometry. Embodiments of the present disclo-
sure are directed to this and other considerations.

SUMMARY

A machine for continuously fabricating a woven compos-
ite with controllable internal fabric geometry 1s disclosed. In
one embodiment, a machine for continuously forming a
woven composite material includes one or more spools for
dispensing one or more warp filaments. The machine further
includes a roller assembly configured to receive a composite
weave comprising one or more warp filaments and one or
more welt filaments. The machine further includes a warp
rack comprising a plurality of warp heads for recerving one
or more warp filaments from the one or more spools, where
cach warp head includes a plurality of filament channels
positioned at diflerent vertical locations along the height of
the warp head and each filament channel 1s configured to
engage a warp filament suspended between a spool of the
one or more spools and the roller assembly. Each warp head
1s capable of independent vertical movement to adjust the
height of warp filaments extending from the warp head
toward the roller assembly. The machine further includes a
welt mserter stack comprising a plurality of welt inserters
for mserting one or more welt filaments between one or
more warp filaments to form the composite weave.

One or more of the plurality of warp heads of the machine
can 1nclude a heating element for heating one or more warp
fillaments.

One or more of the plurality of warp heads of the machine
can include a temperature sensor.

The roller assembly of the machine can be configured to
consolidate the composite weave.

The roller assembly of the machine can include a pair of
heated rollers for heating the composite weave.

The roller assembly of the machine can include a pair of
cooled rollers for cooling the composite weave.

The plurality of warp heads of the machine can be aligned
adjacent to one another in a vertical plane.

One or more of the plurality of warp heads of the machine
can be configured to move vertically to adjust the height of
warp filaments associated with the respective one or more
warp heads after one or more welt filaments have been
inserted between one or more warp filaments.

The machine can further include a controller that 1s
configured to control a sequence of vertical movements of
one or more warp heads and insertions of one or more welt
filaments between one or more warp filaments to create a
composite weave having a predetermined pattern.

One or more of the plurality of welt inserters of the weft
inserter stack of the machine can be configured to 1nsert one
or more welt filaments between one or more warp filaments
such that each inserted welt filament 1s oriented approxi-
mately perpendicularly to the one or more warp filaments.

The welt inserter stack of the machine can be configured
to stmultaneously insert a first welt filament between a first
pair of warp filaments and a second welt filament between
a second pair of warp filaments.

One or more welt inserters of the machine can be a rapier
well inserter, an air-jet welt inserter, and/or an nertial welt
inserter.

In another embodiment, a machine for continuously form-
ing a woven composite material includes one or more spools
for dispensing one or more warp filaments. The machine
further includes a roller assembly configured to receive a
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composite weave comprising one or more warp filaments
and one or more welt filaments. The machine further
includes a warp rack comprising a plurality of heddle
assemblies for receiving one or more warp filaments from
the one or more spools, where each heddle assembly
includes a first heddle comprising a first eye for engaging a
first warp filament suspended between a spool of the one or
more spools and the roller assembly and a second heddle
having a slot for receiving the first warp filament and a
second eye for engaging a second warp filament suspended
between a spool of the one or more spools and the roller
assembly. The first heddle and second heddle are capable of
independent vertical movement to adjust the height of the
first eye and second eye, respectively. The machine further
includes a welt iserter stack comprising a plurality of wett
inserters for mserting one or more welt filaments between
one or more warp filaments to form the composite weave.

The plurality of heddle assemblies of the machine can be
aligned adjacent to one another 1n a first vertical plane.

The first heddle of each heddle assembly can be posi-
tioned adjacent to the second heddle of the respective heddle
assembly 1n a second vertical plane that 1s approximately
perpendicular to the first vertical plane.

The first eye of the first heddle of a heddle assembly of the
plurality of heddle assemblies can align with the slot of the
second heddle of the heddle assembly when the heddle
assembly 1s 1n a neutral position.

Each heddle assembly of the plurality of heddle assem-
blies can further include a third heddle having a slot for
receiving the first warp filament and the second warp
filament, and a third eye for engaging a third warp filament
suspended between a spool of the one or more spools and the
roller assembly, where the third heddle 1s capable of inde-
pendent vertical movement to adjust the height of the third
eve.

The machine can further include a controller configured to
control a sequence of vertical movements of one or more of
the first, second, and/or third heddles of one or more of the
plurality of heddle assemblies and insertions of one or more
welt filaments between one or more warp filaments to create
a composite weave having a predetermined pattern.

A method for continuously fabricating a woven composite
with controllable internal fabric geometry 1s also disclosed.
The method uses a machine having a plurality of warp
filaments suspended between a roller assembly and a warp
rack that comprises a plurality of warp heads, wherein each
warp head comprises a plurality of filament channels posi-
tioned at different vertical locations along the height of the
warp head, each filament channel configured to engage a
warp filament, and each warp head being capable of inde-
pendent vertical movement to adjust the height of warp
filaments associated with the respective warp head relative
to the roller assembly. The method includes vertically posi-
tioming a {irst sub-group of the plurality of warp heads 1n a
first vertical position and a second sub-group of the plurality
of warp heads 1n a second vertical position such that the
vertical height of each warp filament 1n a filament channel
of a warp head of the first sub-group of the plurality of warp
heads 1s higher than a warp filament 1n a corresponding
filament channel of a warp head of the second sub-group of
the plurality of warp heads. The method further includes
inserting one or more welt filaments ito a warp between the
roller assembly and the warp rack, such that each welt
filament 1s mserted between a warp filament associated with
the first sub-group of the plurality of warp heads and a warp
filament associated with the second sub-group of the plu-
rality of warp heads. The method further includes securing
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the one or more welt filaments between two or more warp
filaments to form a composite weave by vertically reposi-
tioning the first sub-group of plurality of the warp heads in
a third vertical position and the second sub-group of the
plurality of warp heads 1n a fourth vertical position such that
the vertical height of each warp filament 1 a filament
channel of a warp head of the first sub-group of the plurality
of warp heads 1s lower than a warp filament in the corre-
sponding filament channel of a warp head of the second
sub-group of the plurality of warp heads. The method further
includes consolidating the composite weave by activating
the roller assembly to draw the composite weave through a
pair of opposing rollers that are configured to heat and
compress the composite weave.

The method can include creating the warp between the
roller assembly and the warp rack by feeding a free end of
cach of a plurality of warp filaments originating from a
plurality of filament spools through a unique filament chan-
nel of one of a plurality of warp heads of the warp rack and
feeding the free end of each of the plurality of warp
filaments through the pair of opposing rollers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a partial schematic i1llustrating an embodiment of
a continuous composite weaving machine in accordance
with an example embodiment.

FIG. 2A 1s a representative side view of a continuous
composite weaving machine in accordance with an example
embodiment.

FIG. 2B 1s a representative top view ol a continuous
composite weaving machine in accordance with an example
embodiment.

FIG. 3A 1s a representative top view ol a continuous
composite weaving machine having a first plurality of warp
heads 1n a first position and a second plurality of warp heads
in a second position 1n accordance with an example embodi-
ment.

FIG. 3B 1s a representative side view of a continuous
composite weaving machine having a first plurality of warp
heads 1n a first position and a second plurality of warp heads
in a second position 1n accordance with an example embodi-
ment.

FIG. 3C 1s a representative top view ol a continuous
composite weaving machine having the first plurality of
warp heads 1n the second position and the second plurality
of warp heads in a first position 1n accordance with an
example embodiment.

FIG. 3D 1s a representative side view ol a continuous
composite weaving machine having the first plurality of
warp heads 1n the second position and the second plurality
of warp heads i1n a first position in accordance with an
example embodiment.

FIGS. 4A and 4B are front and rear views, respectively, of
a warp rack of a continuous composite weaving machine 1n
accordance with the present disclosure.

FIG. 5A 1s a rear view of a warp head 1n accordance with
an example embodiment.

FIG. 5B 1s a side view of a warp head 1n accordance with
an example embodiment.

FIG. 5C 1s a cross-sectional side view of a warp head 1n
accordance with an example embodiment.

FIG. 6 1s a side perspective view of a welt inserter stack
of a continuous composite weaving machine 1n accordance
with an example embodiment.
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FIG. 7A 1s a representative front cutaway view ol a
continuous composite weaving machine 1n accordance with
an example embodiment.

FIGS. 7B and 7C are representative front cutaway views
of a continuous composite weaving machine showing {fila-
ment mterlacing that occurs as warp heads move from a first
vertical configuration (FIG. 7B) to a second vertical con-
figuration (FIG. 7C) 1n accordance with an example embodi-
ment.

FIGS. 8A and 8B are representative front cutaway views
of a continuous composite weaving machine showing
another example of filament interlacing that occurs as warp
heads move from a first vertical configuration (FIG. 8A) to
a second vertical configuration (FIG. 8B) in accordance with
an example embodiment.

FIG. 9A 1s a representative side view of a continuous
composite weaving machine having an alternative warp
head configuration comprising of an assembly of heddles in
accordance with an example embodiment.

FIG. 9B 1s a representative exploded view of a warp head
configuration comprising an assembly of heddles 1n accor-
dance with an example embodiment.

FIG. 9C 1s a representative front view of a warp head
configuration comprising an assembly of heddles 1n accor-
dance with an example embodiment.

FIG. 10 1s a representative front cutaway view of a
continuous composite weaving machine having a warp head
configuration comprising an assembly of heddles 1n accor-
dance with an example embodiment.

FIGS. 11A and 11B are representative front cutaway
views ol a continuous composite weaving machine having a
warp head configuration comprising an assembly of heddles,
showing an example of filament interlacing that occurs as
heddles move from a first vertical configuration (FIG. 11A)
to a second vertical configuration (FIG. 11B) 1n accordance
with an example embodiment.

FIGS. 12A and 12B are representative front cutaway
views ol a continuous composite weaving machine having a
warp head configuration comprising an assembly of heddles,
showing another example of filament interlacing that occurs
as heddles move from a first vertical configuration (FIG.
12A) to a second vertical configuration (FIG. 12B) 1n
accordance with an example embodiment.

FIG. 13 1s a flowchart of a method for continuously
forming a composite weave 1n accordance with an example
embodiment.

FIG. 14 1s a representative side view of another continu-
ous composite weaving machine in accordance with an
example embodiment.

DETAILED DESCRIPTION

To facilitate an understanding of the principals and fea-
tures of the disclosed technology, illustrative embodiments
are explained below. The components described hereinafter
as making up various elements of the disclosed technology
are mntended to be illustrative and not restrictive. Many
suitable components that would perform the same or similar
functions as components described herein are intended to be
embraced within the scope of the disclosed electronic
devices and methods. Such other components not described
herein may include, but are not limited to, for example,
components developed after development of the disclosed
technology.
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It must also be noted that, as used 1n the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise.

By “comprising” or “containing” or “including” 1s meant
that at least the named compound, element, particle, or
method step 1s present 1n the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, matenal, particles, method steps have the
same function as what 1s named.

It 1s also to be understood that the mention of one or more
method steps does not preclude the presence of additional
method steps or intervening method steps between those
steps expressly 1dentified. Similarly, 1t 1s also to be under-
stood that the mention of one or more components 1n a
device or system does not preclude the presence of addi-
tional components or intervening components between those
components expressly 1dentified.

Embodiments of the present disclosure present machines
and methods for forming multiple layers of a woven com-
posite 1n a single-step process. The woven composite may be
created continuously and with a dynamically controllable
internal fabric geometry that enables the creation of a woven
composite having customized properties of strength, stifl-
ness, and toughness. Spools of polymer impregnated fila-
ment may be loaded on one end of a continuous composite
weaving machine and a multilayer composite panel may be
output on the other side of the machine, with no additional
lamination steps required. A continuous composite weaving
machine of the present disclosure may also be configured to
vary the density of the composite by change the spacing of
warp and welt filaments relative to one another.

Referring now to the figures, in which like reference
numerals represent like parts, various embodiments of the
disclosure will be disclosed in detail. FIG. 1 1s an illustration
of a partial schematic for a machine 100 for continuously
forming a composite weave with controllable internal fabric
geometry (which may also be referred to as a continuous
composite weaving machine 100). The machine 100 may
include a frame 102 for supporting a warp rack 110 and a
roller assembly 116. As described in greater detail below,
warp rack 110 may include a plurality of warp heads
positioned between a base plate 121 and a top plate 122.
Frame 102 may optionally support a welt iserter stack (not
shown 1n FIG. 1) or a welt inserter stack may be indepen-
dently positioned adjacent to frame 102. Frame 102 may
include a plurality of posts 108 that can be used to support
insulation panels mounted around the warp rack 110, roller
assembly 116, or other portions of continuous composite
weaving machine 100. Frame 102 may include a spool rack
mount 104 for supporting a plurality of filament spools (not
shown). Each filament spool may contain a roll of warp
filament that comprises, for example, a continuous yarn or
tow preimpregnated or coated with a thermoplastic polymer.
The matenal of the yvarn or tow can include, but 1s not
limited to, carbon fiber, aramid fiber, glass fiber, or metallic
fiber. The fibers (or combination of fibers) may be selected
based on the desired mechanical or electrical properties. The
free end of the warp filament of each filament spool may be
fed into roller assembly 116 via warp rack 110.

Roller assembly 116 may include a first pair of rollers 120
that are configured to receive a plurality of warp filaments.
Roller assembly 116 may create tension in the warp fila-
ments by “pinching” the warp filaments between the first
pair of rollers 120. In other words, rollers of roller assembly
116 may apply a compressive force to the warp filaments
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that causes the warp filaments to be propelled forward when
the rollers rotate 1n the appropriate opposing directions. The
first pair of rollers 120 may provide compression of the
composite weave by applying a compression force to the
composite weave as the weave 1s pulled through the first pair
of rollers 120. Roller assembly 116 may further include a
second pair of rollers 130 to provide additional compression
of the composite weave. According to some embodiments,
the first pair of rollers 120 and/or second pair of rollers 130
may be powered by one or more motors to draw the warp
filaments ofl of the plurality of filament spools. In some
embodiments, the first pair of rollers 120 may include a
heating element to heat the materials and consolidate the
composite. For example, the first pair of rollers 120 may
include a resistive heater 1n a cartridge form. A cartridge
heater may be 1nstalled concentric to a roller of the first pair
of rollers 120 and thermal grease may be used to thermally
link the heater to the roller, while allowing the roller and the
cartridge heater to maintain mechanical independence from
one other. In some embodiments, a heating element may
perform induction heating or the heating element may be
heated working fluid that 1s pumped through the roller.
Further, according to some embodiments, the second pair of
rollers 130 may include a cooling element to solidity and
cool the polymer matrix to control the crystallimty of the
polymer in the resulting composite. For example, a cooling
clement may be a cartridge-type heat exchanger that is
mounted concentric to a roller of the second pair of rollers
130 and interfaced with thermal grease. The cartridge-type
heat exchanger may have chilled water (or some other
working fluid) pumped through 1t to provide a cooling eflect.
Alternatively, a cooling function optionally performed by
the second pair of rollers 130 may be achieved using a
cryogenic liquid (e.g., liguid nitrogen) to generate a super-
cooled gas that may be directed to flow over the hot
filaments to cool them.

When a plurality of warp filaments from the plurality of
filament spools are suspended between roller assembly 116
and warp rack 110, roller assembly 116 and warp rack 110
may su 1c1ently engage the plurality of warp filaments to
create tension 1n the warp filaments such that the warp
filaments extend between warp rack 110 and roller assembly
116 1n substantially straight lines. These substantially
straight portions of warp filaments suspended between warp
rack 110 and roller assembly 116 may form a warp that 1s
capable of recerving welt filaments from one or more welt
inserters of a welt inserter stack to form a weave as
described 1n greater detail below. As will be appreciated by
those of skill in the art, a warp may be a plurality of warp
filaments 1n which one or more of the warp filaments is
offset from the others by some distance or some angle.
Accordingly, a plurality of warp filaments may be disposed
parallel to one another between warp rack 110 and roller
assembly 116 1n direction that 1s perpendicular to the length
of the first pair of rollers 120 of roller assembly 116,
although as explained in greater detail below, some or all of
the plurality of warp filaments may be disposed at different
vertical heights or angles (1.e., the angle at which a warp
filament inclines/declines out of warp rack 110 towards
roller assembly 116) to one another. As shown in further
detail 1n FIG. 6, a welt inserter stack may include a plurality
of vertically stacked wett inserters. As will be appreciated by
those of skill in the art, one or more weft inserters of a weft
inserter stack may be a rapier welt inserter, an air-jet wett
inserter, and/or an 1ertial welt inserter. For example, one or
more welt inserters of the welt inserter stack may be a
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rack-and-pinion rapier or an air-jet insertion system as
described 1n paragraphs [0076]-[0079] of U.S. Pat. Pub. No.

2016/0305031.

Machine 100 may optionally include a filament guide
plate 106 disposed between spool rack mount 104 and warp
rack 110. Filament guide plate 106 may be a nigid plate that
includes a plurality of apertures 107 for receiving warp
filaments from the plurality of filament spools mounted on
spool rack mount 104 in order to guide them 1nto warp rack
110. Each warp filament may be threaded through a distinct
aperture 107 of a filament guide plate 106 prior to being
threaded through warp rack 110. Filament guide plate 106
may serve to constrain the vertical movement of the portions
of the warp filaments that extend between the plurality of
filament rollers and filament guide plate 114 by constraining
the position of each warp filament at its corresponding
aperture 107. Filament guide plate 106 may also serve to
restrict the lateral movement of the plurality of warp fila-
ments by providing an anchor point at each aperture 107.
Accordingly, filament guide plate 106 i1s advantageous
because it enables the plurality of warp filaments to be
received by warp rack 110 without risk of warp filaments
coming into contact with one other or becoming entangled
due to vanations in the tautness of the warp filaments caused
by continuous movement through machine 100.

Although not shown 1n FIG. 1, spool rack mount 104 1s
capable of mounting a plurality of filament spools 1n a
orid-like configuration such that the plurality of filament
spools are arranged in parallel rows and columns. For
example, spool rack mount 104 can support four rows of ten
filament spools that correspond to the four rows of ten
apertures 107 of filament guide plate 106 shown 1n FIG. 1,
such that each filament spool can feed 1nto a distinct aperture
107. Although FIG. 1 shows a machine 100 configured to
utilize 40 warp filaments (1.e., four rows of ten warp
filaments corresponding to apertures 107 of filament guide
plate 106), machine 100 1s not so limited and 1t 1s contem-
plated that any number of warp filaments may be used by
increasing or decreasing the number of filament spools and
warp rack 110.

FIGS. 2A and 2B show a representative side view and top
view of a continuous composite weaving machine 100,
respectively. As described above with respect to FIG. 1, a
plurality of filament spools 210 (that may be mounted on
spool rack 104) feed a plurality of warp filaments 212 1nto
the first pair of rollers 120 of roller assembly 116 via warp
rack 110. FIGS. 2A and 2B represent a four by four grid of
filament spools 210 that dispense a total of 16 warp filaments
212. As shown in FIG. 2A, the plurality of warp filaments
212 may constitute multiple rows of warp filaments 212a,
212b, 212¢, 212d that each include a plurality of warp
filaments 212 that are aligned with one another when viewed
from the side. Each row of warp filaments 212a, 2125, 212c,
2124 ongimates from a plurality of filament spools 210
mounted at a different vertical height of spool rack mount
104. As shown 1n FIG. 2B, the plurality of warp filaments
212 may constitute multiple columns of parallel warp fila-
ments 212¢, 2127, 212¢g, 212/ that each include a plurality of
warp fillaments 212 that are aligned with one another when
viewed from the top. For simplicity and ease of viewing,
many of the figures herein only depict 16 warp filaments 212
(1.e., four rows and four columns of warp filaments 212), it
should be understood that continuous composite weaving,
machine 100 may utilize many more warp filaments in
practice, such as for example, the 40 warp filaments 212
described with respect to FIG. 1.
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FIGS. 2A and 2B illustrate the process flow of forming a
woven composite material 230 using continuous composite
weaving machine 100. Roller assembly 116 1s configured to
draw the plurality of warp filaments 212 off of the plurality
of filament spools 210 via warp rack 110. In some embodi-
ments, roller assembly 116 may be configured to continu-
ously pull the warp filaments 212 at a constant or variable
rate, while 1n other embodiments roller assembly 116 may be
configured to repeatedly pull the warp filaments 212 1n
discrete “‘tugs” separated by a predetermined or variable
increment in time. Prior to being drawn into roller assembly
116, a welt inserter stack 220 can insert one or more weft
filaments 222 into the warp formed by the plurality of warp
filaments 212 to form a weave. A welt filament 222 may
have a minimum length that 1s long enough to span the
distance between the two outer columns of warp filaments
212e, 212/ as shown 1n FIG. 3A. Weflt filaments 222 may be
made of a yarn or tow preimmpregnated or coated with a
thermoplastic polymer. The material of the yarn or tow can
include, but 1s not limited to, carbon fiber, aramid fiber, glass
fiber, or metallic fiber. Welt filaments 222 may also be made
from a discontinuous fiber remnforced thermoplastic.

After wett filaments 222 are inserted between warp {fila-
ments 212 to form a weave, the weave may then be
compressed mto a composite material by roller assembly
116 which applies a compression force to the weave. To aid
in the formation of the composite material 230, machine 100
may include a heated zone 240 to heat the plurality of warp
filaments 212 and the one or more welt filaments 222 to
meld them together. Warp filaments 212 may be kept at room
temperature prior to entering heated zone 240. Within the
heated zone 240, the filament temperature may be kept
above the glass transition temperature (T,) of the matrix
polymer to permit bonding of the filaments. For example,
warp rack 110 may heat the filaments above Tg, and heated
zone 240 may cause the filaments to continue to heat until
the temperature of the filaments 1s above a melting tempera-
ture (T, ) prior to the filaments reaching roller assembly 116.
Heated zone 240 may be created by heating elements
associated with warp rack 110, heating elements associated
with the first pair of rollers 120, insulation panels mounted
on posts 108 of the frame 102, or some combination thereof.
According to some embodiments, the heating functions
described above may alternatively be performed by an
ultrasonic welding bar that can vibrate the material to
generate heat by elastic losses, an inductive heater that
induces current in the material by generating an alternative
or rotating magnetic field to generate heat through resistive
losses, a convection device (e.g., convection oven) that
circulates hot air around the material, a microwave heating
device, or any other such heating method known or later-
developed 1n the art.

As mentioned above, roller assembly 116 may optionally
include a second pair of rollers 130 to add a turther com-
pression force to the weave. The second pair of rollers 130
may have an associated cooling element that can create a
cooled zone 250 for cooling the previously heated weave of
warp and welt filaments 212, 222 to accelerate the formation
ol a woven composite material 230. In the cooled zone 250,
the composite temperature may be reduced below the glass
transition temperature (1,) of the matrix polymer. Crystal-
linity 1n the matrix polymer can be controlled by varying the
teed rate and distance between the first pair of heated rollers
120 and the second pair of cooled rollers 130, as this waill
determine the amount of time the polymer 1s between its
glass transition (1) and melt temperature (1,,). Although
embodiments of roller assembly 116 are described as having
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a first pair of heated rollers 120 for heating the woven
composite and a second pair of cooled rollers 130 for
cooling the woven composite, 1t 1s also contemplated that
roller assembly 116 may include any number of pairs of
heated and/or cooled rollers to control the crystallinity in the
matrix polymer. For example, roller assembly 116 may
include three or more pairs of rollers, where each pair of
rollers 1s set to a specified temperature range such that the
temperature 1s the greatest at the first pair of rollers that the
composite weave 1s drawn 1nto and coldest at the last pair of
rollers, with each intermediate pair of rollers reducing the
temperature between the first and last pairs of rollers by an
increment.

Continuous composite weaving machine 100 may include
a controller 260 that may be 1n electronic communication
with warp rack 110, roller assembly 116, and welt mserter
stack 220. Controller 260 can be a variety of electronic
devices programmable to control the various functions of the
confinuous composite weaving machine, such as, for
example, the vertical movement of warp heads or heddle
assemblies of the warp rack 110, heating elements of the
warp rack 110, the rotation speed of some or all of the rollers
of roller assembly 116, compression forces applied by some
or all of the rollers of roller assembly 116, heating and/or
cooling elements of roller assembly 116, and insertion of
welt filaments by the welt inserter stack 220. Furthermore,
controller 260 can control the relative timing of the advance-
ment of materials through roller assembly 116, the 1nsertion
of weft filaments from welt 1nserter stack 220, and the
changes 1n warp head or heddle configurations of warp rack
110 so that continuous composite weaving machine 100 may
continuously output woven composite material 230. In some
embodiments, controller 260 may store and execute prede-
termined programs to cause composite weaving machine
100 to produce a woven composite material 230 having a
predetermined design. Controller 260 can be a microcon-
troller that 1s, for example, programmable or pre-pro-
grammed (e.g., application specific integrated circuits
(ASICs)). Alternatively, the controller can be a PC, server,
mainframe, or other computer programmed device that
controls aspects of continuous composite weaving machine
100. Controller 260 can include an application (or, “app’) on
a smartphone or tablet. Controller 260 can be connected to
the system using, for example, a direct wired connection, a
local area network (LAN), a wireless local area network
(WLAN), an internet connection, a wireless connection,
Bluetooth, near-field communication (NFC), or a cellular or
radio connection. Controller 260 can also be networked via
a similar connection to enable remote operation and control.

FIGS. 3A through 3D illustrate the process of creating a
weave by adjusting the vertical positions of the plurality of
warp filaments 212 relative to one another. The vertical
position of a warp filament may refer to the vertical height
of the warp filament 212 at warp rack 110. As will be
appreciated, by changing the height of a warp filament 212
at warp rack 110, the angle that the warp filament 212
extends towards warp rack 110 from 1ts corresponding
filament spool 210 may change. Further, the angle at which
the warp filament extends towards roller assembly 116 from
warp rack 110 (the “warp angle”) will also change as the
height a warp filament 212 1s adjusted. A warp 300 may be
created by adjusting the heights of the plurality of warp
filaments 212 so that at least one sub-group of warp fila-
ments 212 has a different height or warp angle than a second
sub-group of warp filaments 212. As shown in FIG. 3B,
warp filaments 212 originating from the same row of fila-
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ment spools 210 that have the same height at the warp rack
110 will be aligned 1n a row when view from the side.

As described 1n greater detail below, each of a plurality of
warp heads of warp rack 110 1s configured to move vertically
to adjust the height of the warp filaments 212 that are
engaged by it. FIGS. 3A and 3B represent the plurality of
warp heads of warp rack 110 1n a first vertical configuration,
whereas FIGS. 3C and 3D represent the plurality of warp
heads of warp rack 110 having moved to a second vertical
configuration. As shown i FIGS. 3A and 3B, a first row
212a of a first group of warp filaments 212¢, 212g may be
associated with a first group of warp heads 111 that are
iitially positioned at a first height, and a second row 2125
of a second group of warp filaments 212/, 212/2 may be
associated with a second group of warp heads 112 that are
initially positioned at a second height that 1s lower than the
first height. The relative positions of the portion 311 of the
first row 212a positioned between warp rack 110 and roller
assembly 116 and the portion 312 of the second row 2125
positioned between the warp rack 110 and roller assembly
116 form a warp 300 that may receive one or more welt
fillaments 222. Accordingly, when in the first vertical con-
figuration, a welt filament 222 can be mserted by a welt
inserter stack 220 between the first row 212a of warp
filaments 212¢, 212g¢ and the second row 2126 of warp
filaments as shown 1n FIG. 3B. Following the insertion of
the welt filament 222 1nto warp 300 (1.e. between two or
more warp filaments 212), the plurality of warp heads of
warp rack 110 may adjust their vertical positions to a second
vertical configuration such that the first row 212a of warp
fillaments 212e, 212g 1s positioned below the second row
2126 of warp filaments 212/, 212/4. As shown 1n FIG. 3D,
this inversion of the plurality of warp heads of warp rack 110
may cause the portions 311, 312 of the first and seconds rows
212a, 212H of the plurality of warp filaments 212 to cross
over one another behind the inserted weft filament 222,
thereby creating a weave and securing the welt filament 222
between the plurality of warp filaments 212. The portion of
the weave containing the welft filament 222 may then be
drawn 1nto roller assembly 116 for compression into woven
composite material 230 as described above.

For simplicity and ease of viewing, FIGS. 3A-3D only
depict one row of filament spools 210 that result in the
creation ol two rows 212a, 2126 of warp filaments 212
based on the vertical configuration of the warp heads of warp
rack 110, however 1t should be understood that 1t 1s con-
templated that continuous composite weaving machine 100
may 1nclude more rows of warp filaments 212. For example,
as previously described, continuous composite weaving
machine 100 may include four or more rows ol warp
filaments 212 extending out of the plurality of filament
spools 210. Further, as described below, the plurality of warp
heads of warp rack 110 are capable of adjusting their relative
vertical heights to create a dynamic number of rows 1n warp
300. Further, although FIGS. 3A-3D only depicts the inser-
tion of a single welt filament 222, 1t should be understood
that welt inserter stack 220 may simultancously insert a
plurality of welt filaments 222 at different vertical heights of
the warp as desired. In this way, and as shown 1n greater
detail below with respect to FIGS. 7A through 11B, con-
tinuous composite weaving machine 100 may dynamically
create a variety of different weave patterns through a series
of height adjustments to the plurality of warp heads of warp
rack 110 and selective msertion of one or more welt fila-
ments 222 mto warp 300.

FIGS. 4A and 4B show front and rear views of a warp rack
110 having a plurality of warp heads 402. As shown, each of
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the plurality of warp heads 402 may be aligned adjacent to
one another 1n a vertical plane. Each warp head 402 may be
mounted on a lead screw 404 that enables the warp head 402
to move vertically. A lead screw 404 associated with a
particular warp head may be positioned above or below the
warp head 402. Each warp head 402 may also be mounted
on one or more linear shatts 405 constrains warp head 402
from moving laterally. The vertical movement of each of the
warp heads 402 may be constramned by a base plate 121
positioned beneath the plurality of warp heads 402 and a top
plate 122 positioned above the plurality of warp heads 402.
In some embodiments, the vertical movement the warp
heads 402 may be constrained by limit switches, beam-
based sensors, or encoders on the motors that drive the
motion of the warp heads. As will be understood by those of
skill 1n the art, each lead screw 404 may be powered by a
motor that can cause the lead screw 404 to rotate, thereby
adjusting the vertical position of the associated warp head
402 upwards or downwards, based on the direction of
rotation of the lead screw 404. Each motor may be con-
trolled by the controller 260. In some embodiments, the
vertical movement of one or more warp heads 402 may be
driven by a solenoid-based system, a hydraulic system, a
pneumatic system, a rack and pinion, or any other such
suitable system for enabling selectively controllable vertical
movement of a warp head 402 in a warp rack 110.

Each warp head 402 of the plurality of warp heads 402
may be capable of vertical movement that 1s independent of
the other warp heads 402. Thus, according to some embodi-
ments, each warp head 402 of the plurality of warp heads
402 may be enabled to be dynamically positioned at a
different vertical height from one another. In some embodi-
ments, sub-groups of the plurality of warp heads 402 may be
configured to move 1n tandem such that each of the warp
heads 402 of the sub-group maintain the same respective
height. In some embodiments, sub-groups of the plurality of
warp heads 402 may be dynamically formed and unformed
by controller 260.

FIG. 5A shows a rear view of a warp head 402 of the warp
rack 110 of FIGS. 4A and 4B, according to an example
embodiment. Warp head 402 may include a plurality of
filament channels 502, a plurality of heating elements 504,
and one or more temperature sensors 306. The plurality of
filament channels 502 may be positioned at diflerent loca-
tions along the vertical axis of warp head 402 (1.e, along the
height of warp head 402). Fach filament channel 502 may be
a slot that runs from the front face of warp head 402 to the
rear face of warp head 402 such that a warp filament 21
may pass through warp head 402 via filament channel 502.
Filament channel 502 1s configured to engage or receive a
warp fillament 212 such that filament channel 502 waill
vertically anchor the warp filament 212 based on the vertical
position of the warp head 402. In other words, as warp head
402 moves upwards or downwards as described above with
respect to FIGS. 4A and 4B, the plurality of warp filaments
212 that pass through the respective filament channels 502
of the warp head 402 correspondingly move upwards or
downwards at the point at which they pass through the
respective filament channel 502. Filament channel 502 may
be configured to constrain the lateral movement of an
inserted warp filament 212 while allowing the warp filament
212 to be freely drawn 1n a forwards or backwards direction
through the filament channel 502. In some embodiments,
filament channel 502 may be configured to exert a drag force
on a warp filament 212 as it passes through the channel,
which can enable the filament shape and/or size to be
adjusted by the warp head 402. For example, in some
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embodiments, the dimensions of a filament channel 502 on
the rear face of warp head 402 may be different from
dimensions of the filament channel 502 on the front face of
the warp head 402, allowing excess resin to be squeezed out
and/or allowing the warp filament 212 to be reshaped
(stmilar to pultrusion).

Heating elements 504 may be internally integrated into
warp head 402 on either side of a given filament channel 502
to heat the warp filament 212 as 1t passes through filament
channel 502. Heating elements may be for example, but not
limited to, resistive cartridge heaters or induction coils. One
or more temperature sensors 506 may be integrated within
warp head 402 to monitor the temperature generated by
heating elements 504. In some embodiments, warp heads
402 may be configured to heat the warp filaments 212 to a
mimmum temperature that 1s above the glass transition
temperature (T,) of the warp filament 212 polymer. For
example, 1n some embodiments, warp heads 402 may be
configured to heat the warp filaments 212 to approximately
20-30 degrees Celsius below the melting temperature (T,)
of the warp filaments 212. As described above, as the warp
fillaments 212 move from warps heads 402 through heated
zone 240 to roller assembly 116, the temperature of warp
filaments 212 may be raised to above a specified temperature
prior to reaching roller assembly 116, such as for example,
T . Although not shown, machine 100 may include tem-
perature sensors within heated zone 240, roller assembly
116, and/or cooled zone 250 to monitor the temperature of
the filaments and/or weave. Controller 260 may receive one
or more signals from one or more temperature sensors 506
of a warp head 506 that indicate the temperature of the warp
head 506 and controller 260 may send a signal to one or
more of the heating elements 504 to adjust their output of
heat. Controller 260 may send a signal to increase the heat
output of the heating elements of one or more warp heads
402 11 controller receives a signal from a temperature sensor
506 indicating the temperature at a warp head 402 1s below
a minimum temperature, such as, for example, T,.

FIGS. 5B and 5C show a side view and a cross-sectional
side view of a warp head 402, respectively, according to an
example embodiment. As previously described, warp head
402 may be mounted on a lead screw 404 that facilitates the
vertical movement of warp head 402. Warp head 402 may
also include a plurality of linear shafts 405 that may resist
the torsion caused by lead screw 404 and laterally stabilize
warp head 402 within the warp rack 110. For example, as
shown 1n FIG. 1, the plurality of linear shafts 405 extending
out of the bottom portion of warp heads 402 of warp rack
110 are received by apertures of base plate 121 and the
plurality of linear shafts 405 extending out of the top portion
of warp heads 402 of warp rack 110 are received by
apertures of top plate 122, thereby constraining each warp
head 402 1n an 1individual vertical plane that runs parallel to
the other warp heads 402. Warp head 402 may include one
or more insulators 508, that may be for example, ceramic
insulators 508. A ceramic isulator 508 1s advantageous
because 1t can be used with any filament, regardless of the
melting temperature (T ). If a warp filament 212 with a low
T 1sused (e.g., polypropylene or polyethylene), then a high
temperature polymer insulator 508 may be utilized instead
of a ceramic msulator 508. According to some embodiments,
an insulator 308 may be positioned both above and below
the plurality of heating elements 504 to prevent heat transier
from the heating elements 504 to the lead screw 404, linear
shafts 405, base plate 121, top plate 122, or any other portion
of warp rack 110 that may be undesirable to heat. As shown
in FIG. 5C, warp head 402 may include one or more bolt
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holes 514 for bolts or screws to removably secure the
components of warp head 402 together to allow for modu-
larity. For example, 1n some embodiments, a filament chan-
nel 302 of warp head 402 may be removed and replaced it
it becomes clogged. Further, filament channels 502 may be
added or removed to build composites having a customized
number of different layers.

FIG. 6 shows an embodiment of a welt inserter stack 220
having three inertial welt inserters that are configured to
simultaneously output up to three separate welt filaments
222. The welt inserter stack 220 shown 1 FIG. 6 includes
three inertial welt inserter roller pairs 602 that are each
configured to propel a continuous strand of welt filament
from a welt filament source positioned behind welt inserter
stack 220 through a channel 606, and out of a slit 608 for
insertion mmto a warp 300 formed by a plurality of warp
filaments 212. A continuous strand of welt filament 222 may
be dispensed from a welt filament spool or roll (not shown)
and fed into one of the 1ertial welt inserter roller pairs 602.
The two rollers of a roller pair 602 that engage a welt
fillament 222 may simultaneously rotate 1n opposing direc-
tions to pull a portion of the welt filament 222 off of the
spool while propelling another portion of the welt filament
222 through channel 606 towards slit 608. The propulsion
caused by a roller pair 602 may serve to eject a wett filament
222 of a predetermined length out of a slit 608 of welt
inserter stack 220. The rotation of one or more roller pairs
602 may be powered by a motor 604. As shown 1n FIG. 6,
a plurality of roller pairs 602 may be powered by a single
motor, such that each of the roller pairs 602 may be
selectively activated by engaging gears associated with a
roller pair 602 with a gear chain driven by the motor.
Controller 260 which may send a signal to the plurality of
roller pairs 602 to selectively engage one or more roller pairs
602 to cause welt mserter stack 220 to ¢ject welt filaments
222 1n accordance with a weave pattern controller 260 has
been programmed to execute. Accordingly, the ejection of
welt fibers 222 by welt inserter stack 220 can be timed to
work 1n concert with the motion of roller assembly 116. In
some embodiments, each roller pair 602 may be individually
powered by a unique motor associated with the roller pair
602.

Although weflt filaments 222 fed ofl of a spool into welt
inserter stack 220 may be continuous strands, a cutting
apparatus 610 may cut welt filaments 222 such that welt
filaments 222 of a discrete length are ejected out of welt
iserter stack 220 and 1nserted into warp 300. Accordingly,
in some embodiments, inertial welt inserter roller pairs may
be configured to rotate a predetermined amount to ¢ject a
predetermined length of wett filament 222. In some embodi-
ments, a sensor positioned on the opposing side of warp 300
may detect the position of the welt filament 222 and the
corresponding inertial welt inserter roller pair 602 may
cease rotating in response to receiving a signal indicating
that the wett filament 222 has been ejected a predetermined
distance. In some embodiments, the predetermined distance
may represent a minimum distance required for a welt
filament 222 to cover the distance between the two end
columns of warp filaments 212e, 2124.

As shown 1n FIG. 6, welt mserter stack 220 may include
a plurality of channels 606 for directing wett filaments 222
from the plurality of mertial welt inserter roller pairs 602 to
a plurality of slits 608. The channels may be internal to the
body of the welt inserter stack 220 such that the welt
fillaments 222 are constrained to movement along the paths
defined by the channels 606. The slits 608 may be apertures
at the edge of the welt inserter stack 220 that are positioned
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at different vertical heights along the front face of the device.
In some embodiments, each adjacent slit 608 may be ver-
tically spaced apart by a common offset distance. The
positioning of the slits 608 may be configured to position the
welt filaments 222 ejected by the welt inserter stack 220 so
that each welt filament 222 may be inserted into the warp
300 at a desired vertical height as described in greater detail
below with respect to FIGS. 7A through 12B. After one or
more welt filaments 222 have been inserted into warp 300,
the welt filaments may be cut into discrete lengths by cutting,
apparatus 610. As shown in FIG. 6, 1n some embodiments,
cutting apparatus may be positioned adjacent to slits 608,
internally to the body of welt nserter stack 220. Cutting
apparatus 610 may include one or more blades that are
configured to be actuated to move within a vertical plane that
1s approximately perpendicular to the welt filaments 222
positioned at slits 608 in order to cut one or more welt
filaments 222. For example, 1n some embodiments, cutting
apparatus may include a plurality of blades configured to
move 1n unison. In some embodiments, the number of the
plurality of blades may correspond to the number of slits
608. In some embodiments, cutting apparatus may be a
cutting wheel or disc, a laser, or a waterjet.

Although the embodiment shown in FIG. 6 depicts only
three welt 1nserters, 1t 1s contemplated that a welt inserter
stack 220 having any number of welt inserters may be
similarly constructed by adding more 1nertial welt inserter
roller pairs 602, channels 606, and slits 608. Further,
although this embodiment uses 1nertial welt inserter roller
pairs 602 to generate the propulsion/ejection force of the
welt filaments 222, as discussed above, a welt inserter stack
220 may alternatively be constructed using one or more
rapier welt inserters, air-jet iserters, or some combination
ol thereof.

FIGS. 7A-8B show representations of cutaway views of a
continuous composite weaving machine 100, viewed from
the perspective of roller assembly 116 looking towards warp
rack 110, according example embodiments. As shown in
FIG. 7A, continuous composite weaving machine 100 may
have a plurality of warp heads 402a, 40256, 402c¢, 4024, each
having a plurality of warp filaments 212 that extend towards
roller assembly 116, forming a warp 300 as discussed above
with respect to FIG. 3B. In this embodiment, each of the
plurality of warp heads 402 supports four warp filaments
212. The continuous composite weaving machine 100
includes a welt 1nserter stack 220 positioned to the side of
the plurality of warp heads 402 and configured to insert wett
fillaments 222 mto the warp 300 (1.c., between two rows of
warp filaments 212). Each of the warp heads 402 shown in
FIG. 7A may be said to be 1n a “neutral position,” meaning
that the warp heads 402 are positioned at a default height.
For example, the neutral position may be a position 1n which
the plurality of warp heads 402 are positioned such about the
vertical middle of the welt inserter stack 220. For example,
when 1n the neutral position, a warp head 402 may be
positioned such that the middle-most welt mserter 702 of
welt nserter stack 220 1s aligned to insert a middle wett
filament 2226 between the two middle-most rows of warp
fillaments 212 of the warp head 402. As shown by FIG. 7A,
when all of the warp heads 402 are 1n the neutral position,
the welt nserter stack 220 may nsert welt filaments 222
between the warp filaments 212 to create a weave pattern
with no interlacing such that the resulting woven composite
material 230 would be an alternating 0-90 unidirectional
composite.

As shown in FIG. 7A, 1n some embodiments, welt inserter
stack 220 may include a plurality of primary welt inserters
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702 and a plurality of secondary weflt inserters 704. Primary
welt mserters 702 may be positioned vertically 1n the middle
portion of welt inserter stack 220, whereas secondary welt
inserters 704 may be positioned in the top and bottom
portion of the welt stack 220. In some embodiments, pri-
mary welt inserters 702 may be welt inserters that can be
used 1 any vertical configuration of warp heads 402,
whereas secondary welt inserters 704 may only be used 1t
one or more warp heads 402 move a suflicient vertical
distance such that a welt filament 222 expelled by secondary
welt mserter 704 would be positioned between at least one
pair of warp fillaments 212. Fach primary weit inserter 702
and secondary welt inserter 704 may be controlled indepen-
dently of one another by controller 260 such that welt
filaments 222 may be simultaneously inserted into the warp
300 1n using any combination of welt inserters 702, 704.
FIGS. 7B and 7C show an example process for creating
a woven composite material 230 with interlacing between

warp filaments 212 and welt filaments 222. As shown in
FIG. 7B, three of the warp heads 402a, 402¢, 4024 are 1in the

neutral position and one warp head 4025 1s 1n a vertically
clevated position at the time welt inserter stack 220 inserts
a plurality of welt filaments 222 into the warp 300. As
shown, warp head 4025 1s elevated such that secondary weft
inserter 704a 1s 1n a position to nsert a welt filament 2224
between the top pair of warp filaments 212 extending out of
warp head 4025. It may be said that in this case, warp head
40256 has been elevated one “step.” When a warp head 402
moves up or down a step 1t means that the set of welt
iserters 702, 704 that the warp head 402 1s positioned to
receive welt filaments 222 from between a pair of warp
fillaments 222 changes by one unit. For example, as shown
in FI1G. 7B, because warp head 4026 has gone up one step,
it 1s positioned to receive a welt filament 222aq from sec-
ondary welt inserter 704a between a pair of warp filaments
212, but 1t 1s no longer positioned to receive a welt filament
222d between a pair of warp filaments 212 from primary
welt mserter 702¢. As shown 1 FIG. 7C, when warp head
4025 returns from a position of being elevated one step back
to the neutral position, each warp filament 212 of warp head
4025 pushes down on the welt filament 222a, 2225, 222c,
2224 beneath 1t, causing the interlacing weave pattern
shown 1n FIG. 7C. After this weave pattern has been created,
roller assembly 116 may pull the portion of the warp
fllaments 212 containing welit filaments 222a, 22256, 222c,
2224 to the first pair of rollers 120 to carry out the process
of compressing the filaments into a woven composite mate-
rial 230, as described previously above.

Continuous composite weaving machine 100 may con-
tinuously create a woven composite material 230 as long as
roller assembly 116 continues to pull and draw in warp
filaments 212 from filament spools 210 via warp rack 110.
In addition to continuously creating a woven composite
material, continuous composite weaving machine 100 may
also dynamically change the weave pattern to create woven
composite materials 230 having customizable strength and
stiflness properties. The strength of a woven composite
material 230 1s a function of the fabric geometry, which may
be controlled by continuous composite weaving machine
100. For example, high amounts of crimp may reduce
in-plane tensile strength and layer-to-layer interlocking may
increase delamination strength and impact strength. Stiflness
1s a function of fabric geometry and weave density, which
may also be controlled by continuous composite weaving
machine 100. For example, dense weaves may be stiffer than
less dense weaves. Plain weaves may have higher in-plane
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shear modulus, while satin weaves have higher in-plane
tensile modulus, and twill weaves are somewhere 1n-be-
tween.

Continuous composite weaving machine 100 can generate
a woven composite material 230 having different properties
throughout the maternial by dynamically changing the fabric
geometry and/or weave density of portions of the woven
composite 230. For example, FIGS. 8A and 8B show an
example process for creating an alternative weave pattern to
that shown 1n FIGS. 7B and 7C. As shown 1n FIG. 8A, each
warp head 402a, 40256, 402¢, 4024 may be positioned at a
different step at the time welt inserter stack 220 inserts wett
filaments 222 into the warp 300. In this example, a first warp
head 402a 1s positioned 1n a neutral position, a second warp
head 4025 1s positioned up one step, a third warp head 402c¢
1s positioned up two steps, and a fourth warp head 4024 1s
positioned up three steps. Accordingly, warp filament 212
pairs of the first warp head 402a are positioned to receive
welt filaments 222d, 222¢, 222f from the three primary welt
inserters 702, and warp filament 212 of the fourth warp head
402d are positioned to receive welt filaments 222a, 2225,
222¢ from the three secondary welt inserters 704, with the
warp filament 212 pairs of the second and third warp heads
402b, 402¢ recerving wedt filaments 222 from a combination
of primary and secondary welt inserters 702, 704 as shown
in FIG. 8A. After the welt inserter stack 220 inserts welt
filaments 222a, 222b, 222¢, 222d, 222¢, 222f into the warp
300, the elevated warp heads 4025, 402¢, 4024 return to the
neutral position, pushing the welt filaments 222q, 2225,
222¢, 222d, 222¢, 222/ downwards to create the interlacing
pattern as shown in FIG. 8B. In this example, three welt
fillaments 222d, 222¢, 222f converge at the bottom of warp
head 4024, which may create a localized region with
improved in-plane strength and stiflness, but may have
worse 1mpact strength and shear strength and stifiness.
Weave patterns formed where one or more warp heads 402
move up a plurality of steps and one or two warp heads 402
remain 1n a neutral position at the time of welt insertion may
result 1n woven composite structures with enhanced impact
strength due to layer-to-layer interlacing.

It should be appreciated that the weave patterns 1llustrated
by FIGS. 7a-8B may be sequentially integrated into a single
piece of woven composite material 230. It should be further
appreciated that the particular weave patterns illustrated by
FIGS. 7A-8B are merely illustrative and any number or
variety of diflerent weave patterns may be achieved and
integrated into a composite material 230 1 any sequence by
changing the vertical positions of the plurality of warp heads
402 between subsequent insertions ol one or more welt
filaments 222. The number of possible weave patterns may
turther be expanded by adding more warp filaments 212,
warp heads 212, and/or welt mserters 702, 704 to machine
100.

For ease of explaining the concepts disclosed herein,
FIGS. 7A-8B 1illustrate example embodiments of a continu-
ous composite weaving machine 100 having four warp
heads 402, however continuous composite weaving machine
100 1s not so limited and may include any number of warp
heads 402. For example, continuous composite weaving
machine 100 may have ten or more warp heads 402.

FIG. 9A 1s a representative side view of a continuous
composite weaving machine 900 having an alternative warp
rack comprising a plurality of heddle assemblies 902,
according to an example embodiment. In contrast to warp
head 402, which can vertically adjust the collective positions
of a plurality of warp filaments 212 associated the warp head
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that that enable each individual warp filament 212 associated
with heddle assembly 902 to be individually vertically
adjusted by one of the heddles 904 of heddle assembly 902.
Each heddle assembly 902 includes a plurality of heddles
904a,904b, 904¢, 904d. Each of the plurality of heddles 904
has an eye 910 for engaging a warp filament 212 that may
be vertically adjusted by the heddle 904 and a slot 912 for
allowing other warp filaments 212 that may not be vertically
adjusted by the heddle 904 to pass through. The warp
fllament 212 that a given heddle 904 1s configured to
individually control may pass through the eye 910 of the
heddle 904, whereas each warp filament 212 to be controlled
by a different heddle 904 of the heddle assembly 902 may
either pass through a slot 912 of the heddle 904 or may pass
underneath the bottom of the heddle 904 as shown 1n FIGS.
9A and 9B. Each heddle 904 1s capable of independent
vertical movement, similar to the movement described
above with respect to warp heads 402 of FIGS. 4A and 4B.
When a particular heddle 904 moves, the height of the
portion of the warp filament 212 held by the eye 910 will be
adjusted to follow the movement of the heddle 904.
Similar to the warp heads 402 shown 1n FIGS. 4A and 4B,
the plurality of heddle assemblies 902 are aligned adjacent
to one another 1n a first vertical plane. As shown 1n FIG. 9A,
individual heddles 904 of a heddle assembly 902 may be
aligned adjacent to one another 1n a second vertical plane
that 1s approximately perpendicular to the first vertical
plane. For example, as shown 1n FIG. 9A, a first heddle 904a
1s adjacent to a second heddle 9045, which 1s further
adjacent to a third heddle 904¢, which 1s further adjacent to
a fourth heddle 904d. Accordingly, the plurality of heddles
904 of a heddle assembly 902 may be positioned back-to-
back as shown in FIG. 9A. Each of the plurality of heddle
assemblies 902 may be actuated 1n a manner similar to warp
heads 402, such as for example, driving a lead screw with a
motor, a solenoid, a pneumatic or hydraulic actuator, or any
other such method of providing vertical movement. Also
similar to warp heads 402, the vertical movement of each
heddle may be constrained by base plate 121 and top plate
122, limit switches, beam-based sensors, or encoders on the
motors that drive the motion of the heddle assemblies.
FIG. 9B shows an exploded view of a heddle assembly
902'. As shown 1n the exploded heddle assembly 902, a first
heddle 910a has an eye 910 for receiving a first warp
fillament 212q that may be individually vertically controlled
by first heddle 910a. Exploded heddle assembly 902" further
shows that a second heddle 9105 has an eye 910 for
receiving a second warp filament 2125 that may be indi-
vidually vertically controlled by second heddle 9105 and a
slot 912 for recerving the first warp filament 212a. A third
heddle 910¢ of heddle assembly 902 has an eye 910 for
receiving a third warp filament 212¢ that may be individu-
ally vertically controlled by third heddle 910¢, and a slot 912
for receiving the first warp filament 2124 and the second
warp filament 2125. A fourth heddle 9044 of heddle assem-
bly 902 has an eye 910 for receiving a fourth warp filament
2124 that may be individually vertically controlled by fourth
heddle 9104, and a slot 912 for receiving the first warp
filament 212qa, the second warp filament 21254, and the third
warp fillament 212¢. FIG. 9C shows a front view of heddle
assembly 902" 1n which each heddle 904a, 9045, 904¢, 9044
1s positioned 1n a back-to-back configuration as shown 1n
FIG. 9A. When aligned 1n a back-to-back configuration the
first warp filament 212a may pass through the slots 912 of
the fourth, third, and second heddles 9044, 904¢, 9045
betore passing through the eye 910 of the first heddle 904a

and then extending towards roller assembly 116. Similarly,
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the second warp filament 212a¢ may pass through the slots
912 of the fourth and third heddles 904d, 904c¢ before

passing through the eye 910 of the second heddle 9044 and
then extending towards roller assembly 116 beneath first
heddle 904qa. The third warp filament 212¢ may pass through 5
the slot 912 of the fourth heddle 9044 before passing through
the eye 910 of the third heddle 904¢ and then extending
towards roller assembly 116 beneath first and second
heddles 904a, 904b. Further, the fourth warp filament 2124
may only pass through the eye 910 of the fourth heddle 9044 10
and then extending towards roller assembly 116 beneath
first, second, and third heddles 904a, 9045, 904¢. Accord-
ingly, first warp filament 212q¢ 1s individually vertically
controllable by first heddle 904a, second warp filament 2125

1s 1ndividually vertically controllable by second heddle 15
9045, third warp filament 212¢ 1s individually vertically
controllable by third heddle 904¢, and fourth warp filament
212d 1s individually vertically controllable by fourth heddle
904d. As can be seen i FIG. 9A, because some warp
fllaments 21256, 212c¢, 2124 may be positioned beneath some 20
heddles 904a, 904H, 904¢ (e.g., warp filament 212d runs
below heddles 904a, 904H, 904¢ belore entering roller
assembly 116), the extent to which a given heddle 904 may
move vertically downwards may be limited based on the
positions of the heddles 904 adjacent to it to prevent the 25
bottom of a heddle 904 from coming into contact with a
warp filament 212 beneath 1t, unless the adjacent heddles
move as well. For example, for the second heddle 9045
shown 1n FIG. 9A to move down two steps, the third and
fourth heddles 904¢, 9044 would also have to move down at 30
least two steps to accommodate the second heddle’s 90456
movement. In some embodiments, heddles 904 may be
configured to only move 1n a downwards direction from the
neutral position, but may be configured to move 1 an
upwards direction in order to return to a neutral position or 35
a position that 1s one or more steps below the neutral
position. A neutral position may be considered to be a
position 1n which the plurality of heddles 904 are positioned
such that each eye 910 of a heddle 1s positioned one step
below the eye 910 of the heddle 1n front of 1t, as shown 1n 40
FIGS. 9A and 9C. According to some embodiments, heater
clements may be included in heddle assembly 902, but other
heating elements (e.g., infrared or microwave heating ele-
ments) may be placed 1n the area between the plurality of
heddle assemblies 902 and the first pair of rollers 120 to heat 45
the filaments above the glass transition temperature of the
matrix polymer.

FIG. 10-12B show a representative cutaway views ol a
continuous composite weaving machine 900, viewed from
the perspective of roller assembly 116 looking towards warp 50
rack 110, according to example embodiments. As shown in
FIG. 10, continuous composite weaving machine 900 may
include a welt stack inserter 220 similar to that previously
described above with respect to FIG. 6 and a plurality of
heddle assemblies 902a, 9025, 902¢, 9024, as described 55
above with respect to FIGS. 9A-9C. FIG. 10 shows a
configuration 1n which each heddle assembly 902a, 9025,
902¢, 902d 1s 1 a neutral position such that warp filaments
extending out of each eye 910 of the plurality of heddle
assemblies 902a, 90256, 902¢, 9024 form a warp positioned 60
to recerve welt filaments 222 without interlacing, similar to
the embodiment shown in FIG. 6.

FIGS. 11 A-11B 1llustrate the process of forming an inter-
laced weave pattern by a continuous composite weaving
machine 900. As shown in FIG. 11A, three of the heddle 65
assemblies 902a, 902¢, 9024 of a continuous composite
weaving machine 900 are 1 a neutral position, but one
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heddle assembly 90256 1s 1n a position that 1s down one
“step.” When referring to heddle assemblies 902, a “step”
may refer to the downward movement of the heddle assem-
bly 902 such that the eye 910 of the heddle 904 forces the
warp filament 212 contained within the eye 910 below the
next welt inserter 702, 704 of the adjacent welt inserter stack
220. For example, one step down may indicate that the eye
910 of a heddle 904 has moved vertically beyond the plane
in which the next welt inserter 704 1s configured to mnsert a
weft filament 222. As shown 1n FIG. 11A, the second heddle
assembly’s 90256 fourth heddle 9044 has moved down one
step prior to the insertion of a plurality of welt filaments
222a,222b,222c, 2224 by welt inserter stack 220. Note that
because the top three warp filaments 212a, 2125, 212c¢ pass
through the slot 912 of the fourth heddle 9044, their vertical
positions are left unchanged by the movement of the fourth
heddle 9044, which only aflects the vertical position of the
warp lllament 2124 engaged by the eye 910 of the fourth
heddle 9044. Atter the welt filaments 222 have been inserted
into the warp, the fourth heddle 9044 of the second heddle
assembly moves up a step, returning to the neutral position,
forming an interlacing weave as shown in FIG. 11B. FIGS.
12A-12B show another embodiment of an interlacing weave
pattern formed by a continuous composite weaving machine
900. As shown 1n FI1G. 12A, a first heddle assembly 9024 1s
in a neutral position, the fourth heddle 9044 of the second
heddle assembly 9025 1s down one step, the fourth heddle
9044 of the third heddle assembly 902¢ 1s down two steps,
and the fourth heddle 9044 of the fourth heddle assembly
9024 1s down three steps at the time of insertion of the
plurality of welt filaments 222a, 222b, 222¢, 222d, 222e,
2221 by the welt inserter stack 220. Following the retraction
the fourth heddles 9044 of the second, third, and fourth
heddle assemblies 90254, 902¢, 9024 back to the neutral
position, an interlacing pattern as shown in FIG. 12B 1s
formed. Although the figures only show examples 1n which
the fourth heddle 9044 of the heddle assemblies 902 moves
down one or more steps, it should be understood that the
first, second, and third heddles 904a, 9045, 904¢ of a heddle
assembly 902 may all independently move vertically down
to dynamically create a variety of intricate interlacing weave
patterns as the warp 1s continuously drawn forward and
compressed by roller assembly 116. For example, 1t the
tourth heddle 9044 of a heddle assembly 902 1s down three
steps, then the third heddle 904¢ may move down one, two,
or three steps. In other words, 1f a particular heddle 904 of
a heddle assembly 902 moves down a number of steps, then
the adjacent heddle 904 in positioned 1n front of the par-
ticular heddle 904 may be enabled to move down the same
number of steps or less.

FIG. 13 shows a flowchart of a method 1300 for continu-
ously forming a woven composite material using a continu-
ous composite weaving machine 100. Continuous composite
weaving machine 100 may have a plurality of warp fila-
ments suspended between a roller assembly 116 and a warp
rack 110 that comprises a plurality of warp heads 402. Each
warp head 402 may comprise a plurality of filament chan-
nels 502 positioned at different vertical locations along the
height of the warp head 402 (as shown 1 FIG. 5A). Each
filament channel 502 may be configured to engage a warp
fillament 212, and each warp head 402 may be capable of
independent vertical movement to adjust the height of warp
fillaments 212 associated with the respective warp head 402
relative to the roller assembly 116.

At block 1310, the method may include vertically posi-
tioning a first sub-group of the plurality of warp heads 402
in a first vertical position and a second sub-group of the
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plurality of warp heads 402 1n a second vertical position
such that the vertical height of each warp filament 212 1n a
filament channel 502 of a warp head 402 of the first
sub-group of the plurality of warp heads 402 1s higher than
a warp lllament 212 1n a corresponding filament channel 502
of a warp head 402 of the second sub-group of the plurality
of warp heads 402.

At block 1320, the method may include 1nserting (e.g., by
welt inserter stack 220) one or more welt filaments 222 1nto
a warp 300 that 1s positioned between the roller assembly
116 and the warp rack 110, such that each welt filament 222
1s mnserted between a warp filament 212 associated with the
first sub-group of the plurality of warp heads 402 and a warp
filament 212 associated with the second sub-group of the
plurality of warp heads 402. A weit filament 222 may be
inserted into the warp 300 such that a plurality of warp
fillaments 212 associated with the first sub-group of the
plurality of warp heads 402 are positioned above the welt
filament 222 and a plurality of warp filaments 212 associated
with the second sub-group of the plurality of warp heads 402
are positioned below the welt filament 222. Welt inserter
stack 220 may simultaneously insert multiple welt filaments
222 at different heights of the warp 300. Each wett filament
222 that 1s simultaneously inserted into warp 300 may have
a different sub-group of warp filaments 212 positioned
above the welt filament 222 and a different sup-group
positioned below the welt filament 222. In this manner,
based on the vertical positions of the plurality of warp heads
402 and the number and vertical positions of the inserted
welt filaments 222, continuous composite weaving machine
100 may place wett filaments 222 into the warp 300 so that
a customized predetermined internal geometry of the weave
may be achieved.

At block 1330, the method may include securing the one
or more welt filaments 222 between two or more warp
filaments 212 to form a composite weave by vertically
repositioning the first sub-group of plurality of the warp
heads 402 1n a third vertical position and the second sub-
group of the plurality of warp heads 402 1n a fourth vertical
position such that the vertical height of each warp filament
212 1n a filament channel 502 of a warp head 402 of the first
sub-group of the plurality of warp heads 402 1s lower than
a warp fillament 212 1n the corresponding filament channel
502 of a warp head 402 of the second sub-group of the
plurality of warp heads 402. Alternatively, 1n some embodi-
ments, the third and fourth vertical positions may be the
same vertical height, such that the warp heads 402 associ-
ated with the first and second sub-groups of warp filaments
212 return to, for example, a neutral position. In a neutral
position, the filament channels 502 of each of the warp heads
402 may be vertically aligned such that they form rows.

At block 1340, the method may include consolidating the
composite weave by activating the roller assembly 116 to
draw the composite weave through a pair of opposing rollers
(e.g., the first pair or rollers 120) that are configured to heat
and compress the composite weave. Continuous composite
weaving machine 100 may continually form a composite
weave by repeating blocks 1310, 1320, 1330, and 1340 in
sequence. The vertical positions of the sub-groups of warp
heads 402 may change during each iteration of this ongoing
process 1n order to create a composite weave of a specified
internal geometry. For example, controller 260 may contain
instructions that specity a particular sequence of movements
of warp heads 402 along with a particular sequence of welt
filament 222 insertions to create a woven composite material
230 that has a specified internal geometry that may utilize
interlacing. In some embodiments, roller assembly 116 may
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be activated for short bursts following each subsequent
insertion ol one or more welt filaments 222 into the warp
300 to consolidate the portion of the composite weave that
includes the newly inserted welt filaments 222. In some
embodiments, warp heads 402 may return to a neutral
position after an insertion of one or more welt filaments 222
1s performed and prior to the activation of roller assembly
116.

In some embodiments, method 1300 may optionally
include a step of creating the warp 300 between the roller
assembly 116 and the warp rack 110 by feeding a free end
of each of a plurality of warp filaments 212 originating {from
a plurality of filament spools 210 through a unique filament
channel 502 of one of a plurality of warp heads 402 of the
warp rack 110 and then further feeding the free end of each
of the plurality of warp filaments 212 through a pair of
opposing rollers of roller assembly 116 (e.g., first pair of
rollers 120).

Although method 1300 1s described with respect to a
continuous composite weaving machine 100 that utilizes a
warp rack 110 having a plurality of warp heads 402, a similar
method may also be carried out for a continuous composite
weaving machine 900 that utilizes a plurality of heddle
assemblies 902 and having a configuration as described
above with respect to FIGS. 9A-9C. For example, heddles
904 of a first sub-group of the plurality of heddle assemblies
902 may be vertically positioned 1n a first vertical configu-
ration and a second sub-group of the heddles 904 of a second
sub-group of the plurality of heddle assemblies 902 may be
positioned 1n a second vertical configuration to form a warp
300. Weflt inserter stack 220 may 1nsert one or more welt
fillaments 222 into the warp 300 at diflerent vertical heights
such that each inserted welt filament 222 has a diflerent
sub-set of warp filaments 212 positioned above and below it.
Some or all of the heddles 904 of the first and second
sub-groups of the plurality of heddle assemblies 902 may
change to a different vertical configuration to secure the one
or more welt filaments 222 within the weave. For example,
all of the heddles 904 may return to a neutral position. After
the one or more welt filaments 222 are secured within the
weave, a pair or rollers (e.g. the first pair or rollers 120) may
be activated to draw in the portion of the weave containing
the one or more welt filaments 222 and roller assembly 116
may consolidate the composite weave 230 as described
above. This process may be repeated by continuous com-
posite weaving machine 900 to continuously form a com-
posite weave having a controllable internal geometry.

According to some embodiments, after a woven compos-
ite material 230 has been formed by continuous composite
weaving machine 100, the woven composite material 230
may then be preformed, trimmed, and/or shaped into three
dimensional structures using traditional 1njection molding or
long fiber thermoplastic molding. For example, after exiting
roller assembly 116, woven composite material 230 may be
trimmed using, for example, a water jet, a laser, a shear
press, or any other suitable device of method of trimming.
Accordingly, 1n some embodiments, a composite weaving
machine 100 may include a trimming device configured to
trim the woven composite material 230 after 1t exits roller
assembly 116. A trimming device may be, for example, a
computer numerical control (CNC) waterjet.

The trimmed composite may then be heated and stamped/
pressed 1nto a preform shape. For example, 1n some embodi-
ments, a composite weaving machine 100 may include a
stamping press that may press the trimmed composite into a
preformed shape. In some embodiments, composite weaving
machine 100 may include a robot arm to pick up the trimmed
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composite and place it 1n the stamping press. Heating can be
performed using, for example, an oven, induction heating, or
any other suitable heating method. The preform may then be
placed 1n a compression mold or 1njection mold and over-
molded (e.g., mjection, DLFT, LFT, etc.). In some embodi-
ments, composite weaving machine 100 may include an
injection molding machine for injection molding or over-
molding the preform. In some embodiments, composite
weaving machine 100 may include a robot arm that 1s
configured to pick up the preformed shape from the stamp-
ing press and place 1t 1n the injection molding machine. The
process of over-molding may allow for texturizing of the
preform and the creation of non-structural protruding fea-
tures. The preform may be over-molded multiple times to
add different materials to the preform or add matenals to
different sides or portions of the preform. Following the
over-molding process, the part may be removed from the
mold and trimmed and finished. For example, the part may
have edges trimmed, holes drilled into 1t, 1t may be sanded
down, or any other such typical fimshing process may be
applied to the part. In some embodiments, composite weav-
ing machine 100 may include a robot arm configured to pick
up the overmolded preform and place 1t 1n a device that 1s
configured to trim and finish the part. A variety of shapes
may be formed using this process, including, for example
but not limited to, brackets and panels (such as vehicle body
panels) with flat or curvilinear contour.

For example, a two-piece car door could be formed by
preforming the woven composite into the shape of the outer
surface of the door panel. In this example, a first piece may
be creating by a first over-molding shot that may allow the
formation of a smooth airflow surface and a second over-
molding shot that forms the internal surface of the door (e.g.,
forming channels for wiring, window, handle, etc.). Once the
internal components of the door (e.g., wiring, window,
handle, etc.) are installed 1nto the channels of the first piece,
a second piece may be joined to the first piece to encase the
internal components. The second piece may also contain a
woven preform, if needed for structural stiflness. Although
the prior example illustrates a particular industrial applica-
tion of a preform created from a woven composite material
230 fabricated by a continuous composite weaving machine
100, those of skill mn the art will appreciate that such
preforms may have a variety of different industrial applica-
tions.

In some embodiments, the process of trimming, stamping,
injection molding/overmolding, and trimming and finishing
of a woven composite material 230 described above could
be performed continuously by using die stamping for the
preliminary trimming, performing, and overmolding. The
die stamping may be run off of a continuous stock during the
press operation. Following this process, final trimming may
be performed as described above. In some embodiments, the
continuous composite weaving machine 100 may not have a
cooled rollers (e.g., the second pair of rollers 130 may be
omitted) because the composite may need to remain above
T before the preforming step.

FIG. 14 shows a representative side view of an embodi-
ment of a continuous composite weaving machine 100 that
1s configured to apply a polymer film 1402 to the top and/or
bottom surface of the composite weave before 1t enters roller
assembly 116. Polymer film 1402 may be a pure polymer
film, a polymer-infused fiber mat, or a combination of the
two. Rolls of polymer film 1402 on polymer film rollers
1404 can be positioned above and/or below the first pair of
rollers 120. Roller assembly 116 (e.g., via the first pair of
rollers 120) may draw polymer film 1402 off of polymer film

10

15

20

25

30

35

40

45

50

55

60

65

24

rollers 1404 1n a manner similar to how roller assembly
draws warp filaments 212 from filament spools 210, as
described above. Polymer film 1402 may laminate the top
and/or bottom surface of the composite weave as it 1s
consolidated by roller assembly 116. After being consoli-
dated by roller assembly 116, the consolidation process may
result 1n a consolidated woven composite material 230 that
1s a finished flat panel that can be used as-1s or used 1n the
overmolding process described above.

The design and functionality described 1n this application
1s intended to be exemplary 1n nature and 1s not intended to
limit the instant disclosure 1n any way. Those having ordi-
nary skill in the art will appreciate that the teachings of the
disclosure may be mmplemented in a variety of suitable
forms, including those forms disclosed herein and additional
forms known to those having ordinary skill in the art. For
example, one skilled in the art will recognize that executable
instructions may be stored on a non-transient, computer-
readable storage medium, such that when executed by one or
more processors, causes the one or more processors to
implement the method described above.

While certain embodiments of this disclosure have been
described 1n connection with what 1s presently considered to
be the most practical and various embodiments, it 1s to be
understood that this disclosure 1s not to be limited to the
disclosed embodiments, but on the contrary, 1s intended to
cover various modifications and equivalent arrangements
included within the scope of the appended claims. Although
specific terms are emploved herein, they are used in a
generic and descriptive sense only and not for purposes of
limitation.

This written description uses examples to disclose certain
embodiments of the technology and also to enable any
person skilled in the art to practice certain embodiments of
this technology, including making and using any apparatuses
or systems and performing any incorporated methods. The
patentable scope of certain embodiments of the technology
1s defined 1n the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims 1f they have
structural elements that do not differ from the literal lan-
guage of the claims, or 1f they include equivalent structural
clements with msubstantial differences from the literal lan-
guage of the claims.

The mvention claimed 1s:

1. A machine for continuously forming a finished woven
composite from a composite weave material comprising:

a warp rack comprising warp heads for receiving one or

more polymer impregnated or coated warp filaments;

a welt inserter stack comprising welt inserters for msert-

ing one or more polymer impregnated or coated welt
filaments between one or more warp filaments to form
the composite weave material; and

a consolidation zone for heating and compressing the

composite weave material to form the finished woven
composite; wherein each warp head 1s capable of
independent vertical movement to adjust the height of
a warp filament extending from the warp head toward
a roller assembly.

2. The machine of claim 1 further comprising:

one or more spools for dispensing the one or more

polymer impregnated or coated warp filaments; and

a roller assembly in the consolidation zone configured to

receive the composite weave material;

wherein each warp head comprises filament channels, one

cach positioned at different vertical locations along the

height of the warp head;
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wherein each filament channel 1s configured to engage the
warp lilament suspended between one of the spools and
the roller assembly; and

wherein the warp heads are aligned adjacent to one
another 1n a vertical plane.

3. The machine of claim 2, wherein each of the warp
fllaments and welt filaments comprises a polymer impreg-
nated or coated filament.

4. A machine for continuously forming a finished woven
composite from a composite weave material comprising:

spools for dispensing polymer impregnated or coated
warp filaments;

a warp rack comprising warp heads for recerving warp
filaments from the spools, each warp head:
comprising filament channels positioned at different

vertical locations along the height of the warp head,
cach filament channel configured to engage a warp
filament suspended between one of the spools and a
roller assembly; and being capable of vertical move-
ment independent of vertical movement of the other
of the warp heads to adjust the height of warp
filaments extending from the warp head toward the
roller assembly;

a welt mserter stack comprising welt inserters for insert-
ing polymer impregnated or coated welt filaments
between warp filaments to form the composite weave
material; and

a consolidation zone with the roller assembly configured
to recerve the composite weave material and consoli-
date the composite weave material by heat and pressure
to form the finished woven composite.

5. The machine of claim 4, wherein the roller assembly
comprises a pair of heated rollers for heating the warp
filaments and the welt filaments of the composite weave
material to meld them together.

6. The machine of claim 5, wherein the roller assembly
turther comprises a pair of cooled rollers downstream of the
pair of heated rollers for cooling the composite weave.

7. The machine of claim 4, wherein the warp heads are
aligned adjacent to one another 1 a vertical plane.

8. The machine of claim 4, wherein the finished woven
composite 1s a multilayer composite panel continuously
formed from the spooled filaments through to the finished
woven composite by the machine 1tself.

9. The machine of claim 4 further comprising a controller
configured to control a sequence of vertical movements of
one or more warp heads and insertions of one or more of the
welt filaments between one or more of the warp filaments to
create a composite weave having a predetermined pattern.

10. The machine of claim 4, wherein the wett inserters of
the welt 1nserter stack are configured to msert one or more
of the welt filaments between one or more of the warp
filaments such that each inserted welt filament 1s oriented
approximately perpendicularly to the one or more warp
filaments.

11. The machine of claim 4, wherein the composite weave
material 1s an 1nterlacing weave material formed of at least
two layers interlaced with at least one welt filament;

wherein the welt nserter stack 1s configured to simulta-
neously insert a first wett filament of the welt filaments
at a first height between a first layer of a pair of warp
filaments of the warp filaments and a second welt
filament of the welt filaments at a second height
different than the first height between a second layer of
a pair of warp filaments of the warp filaments.
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12. The machine of claam 4, wherein one or more weft
inserters are selected from the group consisting of a rapier
well 1nserter, an air-jet welt 1nserter, and an inertial weft
inserter.

13. A machine for continuously forming a consolidated
composite weave comprising:

one or more spools for dispensing one or more warp
filaments;

a roller assembly configured to;
receive a composite weave material comprising one or

more of the warp filaments and one or more welt
filaments; and

consolidate the composite weave material nto the
consolidated composite weave;

a warp rack comprising heddle assemblies for receiving
one or more of the warp filaments from the one or more
spools, each heddle assembly comprising:

a first heddle comprising a first eye for engaging a first
warp filament suspended between a spool of the one
or more spools and the roller assembly, the first
heddle capable of vertical movement independent of
vertical movement of other heddle assemblies to
adjust the height of the first eye; and

a second heddle having a slot for receiving the first
warp fillament and a second eye for engaging a
second warp filament suspended between a spool of
the one or more spools and the roller assembly, the
second heddle capable of vertical movement i1nde-
pendent of vertical movement of other heddle assem-
blies to adjust the height of the second eye;

a welt inserter stack comprising welt inserters for msert-
ing one or more of the welt filaments between one or
more of the warp filaments;

wherein the consolidated composite weave 1s continu-
ously formed from polymer impregnated or coated
warp lilaments of the composite weave material by
compressing and heating of the composite weave mate-
rial; and

wherein the heddle assemblies are aligned adjacent to one
another 1n a first vertical plane.

14. The machine of claim 13, wherein the first heddle of
cach heddle assembly 1s positioned adjacent to the second
heddle of the respective heddle assembly 1n a second vertical
plane that 1s approximately perpendicular to the first vertical
plane.

15. The machine of claim 13, wherein the first eye of the
first heddle of a heddle assembly aligns with the slot of the
second heddle of the heddle assembly when the heddle
assembly 1s 1n a neutral position.

16. The machine of claim 13, wherein each heddle assem-
bly further comprises a third heddle having a slot for
receiving the first warp filament and the second warp
filament, and a third eye for engaging a third warp filament
suspended between a spool of the one or more spools and the
roller assembly, the third heddle being capable of indepen-
dent vertical movement to adjust the height of the third eye.

17. The machine of claim 16 further comprising a con-
troller configured to control a sequence of vertical move-
ments of one or more of the first, second, and/or third
heddles and insertions of one or more of the welt filaments
between one or more of the warp filaments to create the
consolidated composite weave having a predetermined pat-
tern.

18. A method of continuously forming a consolidated
woven composite using a machine having a plurality of
polymer impregnated or coated warp filaments suspended
between a roller assembly and a warp rack that comprises a
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plurality of warp heads, wherein each warp head comprises
a plurality of filament channels positioned at different ver-
tical locations along the height of the warp head, each
filament channel configured to engage a warp filament, and
cach warp head being capable of independent vertical move-
ment to adjust the height of warp filaments associated with
the respective warp head relative to the roller assembly, the
method comprising:
vertically positioning a first sub-group of the plurality of
warp heads in a first vertical position and a second
sub-group of the plurality of warp heads 1n a second
vertical position such that the vertical height of each
warp filament 1n a filament channel of a warp head of
the first sub- group of the plurality of warp heads 1is
higher than a warp filament 1n a corresponding filament
channel of a warp head of the second sub-group of the
plurality of warp heads;
inserting one or more polymer impregnated or coated wett
filaments 1nto a warp between the roller assembly and
the warp rack, such that each wett filament 1s mserted
between a warp filament associated with the first sub-
group ol the plurality of warp heads and a warp
filament associated with the second sub-group of the
plurality of warp heads;
securing the one or more welt filaments between two or
more warp filaments to form a composite weave by
vertically repositioning the first sub-group of plurality
of the warp heads 1n a third vertical position and the
second sub-group of the plurality of warp heads 1n a
fourth vertical position such that the vertical height of
cach warp filament 1n a filament channel of a warp head
of the first sub-group of the plurality of warp heads 1s
lower than a warp filament 1n the corresponding fila-
ment channel of a warp head of the second sub-group
of the plurality of warp heads; and
consolidating the composite weave mto the consolidated
woven composite compressing and heating the com-
posite weave.
19. The method of claim 18 further comprising creating
the warp between the roller assembly and the warp rack by:
feeding a free end of each of a plurality of warp filaments
originating from a plurality of filament spools through
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a unique filament channel of one of a plurality of warp
heads of the warp rack; and

feeding the free end of each of the plurality of warp

filaments through a pair of opposing rollers.

20. The method of claim 18, wherein consolidating the
composite weave comprises activating the roller assembly to
draw the composite weave through a pair of opposing rollers
that are configured to heat and compress the composite
weave.

21. The method of claim 18, wherein consolidating the
composite weave comprises:

heating the composite weave 1n a heated zone configured

to meld together one or more warp filaments and one or
more welt filaments of the composite weave; and
compressing the composite weave.

22. The method of claim 21, wherein the heating and the
compressing comprises an ultrasonic welding bar that, for
heating, vibrates the composite weave to generate heat by
clastic losses and, for compressing, compresses the com-
posite weave against an anvil.

23. The method of claim 21, wherein the heating zone
comprises a heating device selected from the group consist-
ing of an inductive heater, a convection device, and a
microwave heating device;

wherein the mductive heater induces current 1n the com-

posite weave by generating an alternative or rotating
magnetic ficld to generate heat through resistive losses;
and

wherein the convection device circulates hot air around

the composite weave.

24. The method of claim 21, wherein compressing the
composite weave comprises compressing the composite

weave by drawing the composite weave through a first pair
ol opposing rollers of the roller assembly.

25. The method of claim 24 further comprising tensioning,
the consolidated woven composite as it cools by drawing the
consolidated woven composite through a second pair of
opposing rollers after compressing the composite weave
through the first pair of opposing rollers.
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